There is intense debate over the potential impact of seal predation on declining salmon stocks in both the Pacific and Atlantic oceans. However, efforts to model such interactions have been constrained by a lack of data on the functional and numerical responses of these predators. Based upon theory, and data from small-scale terrestrial and freshwater systems, a type 3 functional response is expected to best describe predation by generalist pinnipeds. Similarly, theory also predicts that seal numbers should increase with salmon density in rivers following an aggregative response of predator to prey. We tested these predictions by studying the diet and local density of harbour seals in relation to seasonal variations in the abundance of salmonid in a Scottish river system. As predicted, the abundance of seals in the river was directly related to the abundance of returning salmon, and dietary data supported the type 3 functional response to changes in salmonid abundance. These studies provide empirical support for the use of type 3 response in modelling studies.
INTRODUCTION
Predation by marine mammals upon commercially important prey species often results in conflict with fisheries, leading to demands for control of predator populations (Harwood & Croxall 1988; Yodzis 2001) . As a consequence, considerable effort has been put into gathering data on predator abundance, diet and energy requirements, so that their potential impact upon prey populations can be modelled. However, the resulting model predictions are generally highly uncertain, and have often proved of limited value for informing conservation and resource management (Yodzis 2001) . This uncertainty results partly from the inherent difficulty of parameterizing predator-prey models in marine systems. As important, however, is uncertainty over the functional form of these models (Yodzis 1994) , where assumptions about how predation changes in response to variations in prey abundance can dramatically affect predicted consumption rates of commercial important prey (Mohn & Bowen 1996) .
Theoretical understanding of the functional and numerical responses that link predator and prey populations is well founded (Holling 1959) but, even in more tractable terrestrial systems, field tests of these theories are relatively rare (Abrams & Ginzburg 2000) . Consequently, it is not surprising that it has proved difficult to determine the functional response of marine mammals. Where data do exist, these species appear to have diverse diets, and their choice of prey is likely to be a response to changes in the abundance of several different prey species. As such, many marine mammals appear to be generalist predators, and theory would predict that they have a type 3 (sigmoid) functional response that tends to stabilize prey populations, often at suppressed levels (Andersson & Erlinge 1977; Hanski et al. 1991) . Ideally, these predictions could be tested by comparing predator diet composition across time or space in relation to data on the relative abundance of their potential prey species. This would be extremely challenging due to the complexity of any analysis of multispecies functional responses. But, more fundamentally, data on changes in the abundance of whole suites of marine prey populations are rarely, if ever, available at spatial scales that are appropriate to marine mammal predators.
An alternative approach, therefore, is to identify a simpler system, where a predator population's response to a single prey type can be studied. The annual return of anadromous salmonids to their freshwater breeding sites provides an ideal opportunity for such studies. Here, intensively managed fisheries can provide relatively finescale and high-quality data on changes in prey abundance as the fish move through the coastal and estuarine ranges of marine mammals. The high level of synchrony in the salmonids' return migration means that their abundance can vary dramatically over a period of a few weeks, during which the availability of alternative marine prey can be assumed to remain relatively constant. While this system may not reflect more typical multi-species marine mammal fishery interactions, it has been the subject of intense debate over the potential impacts of seal predation on declining salmonid populations in both the Pacific and the Atlantic oceans Purcell et al. 2004) . Seals and a variety of other predators exhibit aggregative responses to the estuarine and freshwater areas that these fishes pass through (Quinn et al. 2003; Hastie et al. 2004) , but there remains much uncertainty over levels of predation and likely impacts on prey stocks . Information on the response of seals to changes in salmonid abundance is, therefore, of particular importance for management of areas that contain protected populations of both seals and salmon.
In this study, we explore the functional and aggregative responses of harbour seals (Phoca vitulina) to changes in the abundance of salmonids in an estuarine system in Scotland. In particular, we aim to test whether these generalist marine mammal predators exhibit a sigmoid functional response, by comparing the fit of these data to a type 3 model, and alternative type 1 and 2 models.
MATERIAL AND METHODS
(a) Study area The study was carried out in the Cromarty Firth, NE Scotland, where harbour seals come ashore regularly to breed and rest onto inter-tidal sandbanks. These animals represent approximately 10% of a resident breeding population of around 1600 individuals within the inner Moray Firth (Thompson et al. 1997) . Several important salmonid rivers flow into the Cromarty Firth, supporting stocks and fisheries for both Atlantic salmon (Salmo salar) and sea trout (Salmo trutta). Historically, this region has seen considerable conflict between seals and salmon fisheries (Rae 1962) , and now contains areas that have been designated under the EU Habitats Directive to protect harbour seals, Atlantic salmon and other marine mammal predators of salmon such as bottlenose dolphins (Tursiops truncatus).
(b) Harbour seal diet Diet composition was determined by identifying and measuring prey hard parts recovered from scats (faeces), and reconstructing prey biomass. Between February and August 2000 we visited the sandbanks used by resting seals at least once a week, except when bad weather prevented access by boat. The site was searched thoroughly and all scat samples collected in individual plastic bags and stored at K20 8C.
Samples were later thawed and each was washed through a nest of sieves (5.0, 1.0, 0.5 and 0.25 mm) to allow collection of hard parts. Prey species were identified from sagittal otoliths and cephalopod beaks using published identification guides (Clarke 1986; Härkö nen 1986) and an in-house reference collection. Where it was not possible to identify otoliths to species, they were identified to the lowest possible taxonomic grouping. In particular, this involved pooling data for salmon and sea trout, as digested otoliths of these two species could not be distinguished reliably. The length, width and thickness of each otolith were measured to the nearest 0.01 mm using digital callipers. Where large numbers of otoliths of a single species were found in a single sample, a random sub-sample was measured. This sub-sample consisted of 30 otoliths, or 25% of the total number present, whichever was larger. The upper or lower hood length of each cephalopod beak was also measured to the nearest 0.01 mm with digital callipers.
The percentage, by weight, of prey in the scat samples that contained hard parts was estimated using relationships between otolith size and prey weight. Hard part sizes were first corrected for digestion using correction factors from Tollit et al. (1997a) . Original prey sizes were estimated from undigested hard parts sizes using species-specific regression relationships (from Härkö nen 1986; Pierce et al. 1991; Brown & Pierce 1998) . Finally, weights were summed for each month and adjusted to account for sub-sampling.
(c) Occurrence of seals in freshwater areas Previous radio-tracking studies indicate that harbour seals from this area typically travel 40-60 km out to sea on foraging trips of several days (Tollit et al. 1998) . However, anglers and river managers also report the presence of seals within the freshwater rivers systems, raising the possibility that seals may show an aggregative response as fishes move into the river. We therefore investigated the occurrence of harbour seals in a 450 m stretch of the River Conon, the primary salmon river in this system, for 89 days between June-September 1999 and April-August 2000. In 1997 and 1998, pilot studies on this river had shown that seals were sometimes present around high tide, but never at low tide (c 1 2 Z16.7, p!0.001, nZ35) and observations were therefore made within 4 h blocks centred on high tide.
Observations were made from a standard point on the river bank throughout each 4 h block. On each occasion that a seal was observed at the surface, the species and time were noted. Any predatory events seen at the surface were also recorded, where possible, also noting the species of prey. The surface condition of the water was assessed using the Beaufort scale and observations were discontinued if the water state reached '3' because seal surfacings were likely to be missed under these conditions.
(d) The abundance of salmonids Atlantic salmon become available to coastal marine mammals when adults return to their natal rivers, and when smolts leave the rivers for their oceanic feeding grounds in the spring. In this system, almost all adults return as one-sea winter fish (grilse) during the summer. The at-sea distribution of sea trout is less well understood, but this species also moves back into river systems during the summer. Estimates of salmonid abundance are not available for most river systems, but rod and line angling catches can be used to provide an index of relative abundance of returning adult salmon and sea trout (Youngson et al. 2002) . Monthly data are collected in commercial confidence, and fluctuations in the catches on the River Conon were therefore expressed using an index in which monthly values were calculated as a percentage of the highest value in the data series. As estimates of seal diet could only be produced for salmonids, we also added monthly catches of salmon and sea trout together and converted to produce an index of adult salmonid abundance.
An index of salmon smolt abundance was produced using information collected by the Conon District Salmon Fisheries Board. Each year salmon smolts are trapped on one tributary of the river (Mills 1964) and released approximately 12 km above the mouth of the river. Using published information on the speed of smolt migrations (Mills 1964; Moore et al. 1995) , we estimated that the smolts would reach the study site at the mouth of the river in between 4 and 14 days. The index was therefore created by adding a delay of one week to the number of smolts caught at the trap.
(e) Data analysis We use the generalized Michaelis-Menton equation to describe the relationship between the percentage by weight in the diet and the abundance of salmonids in the environment:
where F is the maximal feeding rate and G is the affinity constant (Real 1977) . Where xZ1 (i.e. a model with two parameters and an error term), the equation behaves as a type 2 functional response switching to a sigmoid shaped type 3 response when xO1 (Real 1977) . Model fitting was undertaken using the nls (non linear least squares regression) function of S-PLUS (S-PLUS 2000 release 3, Mathsoft Inc.). A type 1 functional response (straight line: one parameter model) was also fitted to the data. Akaike's information criterion (AIC) and Akaike weights were used to compare fits of the three models as this method adds a penalty proportional to the number of model parameters (Burnham & Anderson 2002) . Generalized linear models (GLM) were used to investigate how changes in the abundance indices affected the probability of sighting seals in the study area, and of salmonid otoliths occurring in seal scats. The probability curve was fitted using the logit link function (Cox & Snell 1989; Milner et al. 1999) . The three indices, and their interactions, were included in a GLM specified in S-PLUS. Initial model simplification was undertaken using the S-PLUS step function that uses the AIC to identify the minimum adequate model (Crawley 2002) . Terms were then removed sequentially until only significant terms were left in the model (Crawley 2002) . Significance was measured by the change in the deviance (measured using c 2 ) that occurred when the term was removed from the model (Milner et al. 1999) .
RESULTS (a)
The functional response A total of 295 scats were collected from Cromarty Firth sandbanks during the study. 4084 otoliths and 23 cephalopod beaks were identified from the scat samples, from 17 different prey species. The number of samples collected was fairly evenly spread through the season, with over 30 being collected in every month (table 1).
The contribution of salmonids to the diet showed a seasonal pattern peaking during July (table 1) .
The fitted Michaelis-Menton equation suggested that the functional response was a sigmoid shape type 3 (xZ15; figure 1 (b) Aggregative response Harbour seals were seen in the study area on 26 of the 87 observation periods (table 2) but there was never more than one seal at the surface at any one time. Sighting probability showed a consistent seasonal trend in both years, with sightings peaking during July (table 2). In 6 of 26 occasions on which harbour seals were present they were seen at the surface with a salmonid (identified from the shape and distinctive pink flesh colour; table 2). Seals were not seen at the surface with any other prey item during the study. During model simplification the smolt and sea trout indices, along with all the interaction terms, were removed from the model. The results of the GLM suggest that the salmon catch index could be used to predict the probability of sighting a seal in the study area (c 1 2 Z28.4, p!0.01; figure 2).
DISCUSSION (a) Functional response
Seals are often considered to be generalist predators (e.g. Härkö nen & Heide-Jørgensen 1991). While there is little information on their functional response to changes in prey abundance, switching behaviour in other generalist predators typically produces a type 3 functional response (Fryxell & Lundberg 1994) . Our study supports this prediction, since despite being penalized for having the greatest number of parameters, the type 3 functional response is chosen as the best fit for data on harbour seal diet in relation to local changes in the abundance of adult salmonids. The slight outlier to this relationship was the sample from May, where the percentage of salmonids in the diet was underestimated (figure 1). Interestingly, this period coincides with the seaward migration of salmon smolts, which were not accounted for in this abundance index. The functional response is usually associated with feeding rate (Holling 1959) rather than diet composition. However, diet composition is a major component of functional responses, and in the absence of feeding rate data has been used to examine them (e.g. Redpath & Thirgood 1999) .
A switching response to changes in salmonid abundance seems likely given the strong seasonal occurrence of these prey in estuaries. Switching between prey types may result from seals adopting different foraging locations, or foraging strategies, as has been suggested for predation on other seasonally available prey in this area such as clupeids and sandeels (Pierce et al. 1991; Tollit et al. 1997b) . Bailey & Ainley (1982) also found that a theoretical functional response model that involved switching (i.e. type 3) was a better predictor of the observed occurrence of hake in Californian sea lion diet than a non-switching model (type 2).
Inevitably, in field studies with marine mammals, the numbers of data points available for analysis (figure 1) are much smaller than can be obtained in the smaller-scale terrestrial systems that have been more typically used to derive theory underpinning functional responses. Such small datasets do not allow the existence of alternative functional responses (types 1 and 2) to be rejected with a very high level of confidence. However, examination of the Akaike weights allows the identification of the functional response most likely to produce the data. The main factor that influenced sample size was the sampling intensity. The monthly interval employed in this study was believed to be the most reasonable intensity given the definition of the fish abundance indices. Finer-scale sampling of diet data within a season may be possible at sites where larger numbers of scat samples could be collected and detailed information on fish abundance is available. The alternative approach to increasing quantity of data would be to pool across years. However, this method would have the disadvantage that identifying the response of seals to salmonids could be confounded by greater variability in the abundance of alternative prey (Tollit et al. 1997b) and in the density of predators (Abrams & Ginzburg 2000) .
We attempted to focus on a relatively simple system, but were still constrained by uncertainties regarding both the species composition of the salmonid prey in the diet, and the relative abundance of juvenile versus returning adult fish. In future, molecular analysis of scats could be used to focus more directly on predation upon Atlantic salmon (Purcell et al. 2004; Parsons et al. 2005) . Not only would this have the advantage that data on the distribution and abundance of this species are of higher quality, but this would also allow us to focus on the interaction of greatest commercial interest.
(b) Aggregative response The probability of sighting seals within the freshwater river system also showed a strong seasonal pattern that was significantly related to the abundance of returning adult salmon. Interestingly, the sea trout catch index was not a good predictor of seal presence in these areas. Relationships between harbour seal abundance and salmonids have been found in other riverine and estuarine study areas (Brown & Mate 1983; Roffe & Mate 1984; Greenstreet et al. 1993) . However, in some of these correlative studies (e.g. Roffe & Mate 1984; Greenstreet et al. 1993 ) the presence of harbour seals appeared to be related partly to changes in the abundance of alternative prey species. In our study, observations of harbour seals consuming salmonids provide some support for a causal link between seal and salmon abundance, but further work is required to determine whether alternative, more cryptic, prey are also taken in these rivers.
These results provide some evidence for an aggregative response linking the use of rivers by harbour seals to salmon abundance. However, even though nearby haulout sites were used by 100-200 harbour seals (Thompson et al. 1997; Middlemas 2003) , we never saw more than one individual at a time during our observations on the river. While other seals were undoubtedly present elsewhere in the river system, reports from fisheries managers indicate that observations are typically of a single animal and overall numbers are low. This suggests that any aggregative response is relatively weak. This could be because overall abundance of salmonids is low relative to alternative marine prey, and only small numbers of seals would be predicted to use these areas under the ideal free distribution (Sutherland 1996) . Alternatively, the number of seals using these freshwater sites could be constrained by social factors. For example, studies of brown bear (Ursus arctos) predation on chum (Oncorhynchus keta) and pink salmon (Oncorhynchus gorbuscha) have shown that streams generally support one large socially dominant bear (Gende & Quinn 2004 ).
(c) Implications for management of seals-fisheries interactions In the absence of information on functional responses, models of interactions between marine mammals and fisheries should ideally be developed to incorporate a range of forms for these relationships (Harwood & Stokes 2003) . However, where this is not possible, our data provide empirical support for theory that proposes that type 3 functional responses are appropriate for these generalist predators. With respect to the particular interaction between coastal seals and salmonids, further work is now required to determine whether the seals' within-season type 3 response also reflects responses to inter-annual variation in salmonid abundance. If so, such predation would be unlikely to drive prey populations to extinction but could constrain populations in a 'predator pit' (Walters 1986 ). Alternatively, predator density or inter-annual variability in the availability of alternative prey could have a stronger impact on prey choice, leading to more stochastic variation in predation upon salmonids. To develop appropriate measures to reduce impacts of seals on protected salmonid populations, further work is now required to assess the relative impact of salmon density, alternative prey density and predator social interactions on their foraging behaviour.
